MODIS (MODerate resolution Imaging Spectroradiometer) daily surface reflectance data is distributed with one of the most complete quality ancillary data sets. Such amount of quality information is essential for automatically selecting the highest quality MODIS daily images, for example using geostatistical analysis of the image spatial pattern. However, the success of this automatic selection certainly could depend on the spectral information of each MODIS band. This work studies the influence of MODIS spectral bands on the automatic identification of high quality daily images by analyzing their variogram and aiming at the identification of the most suitable spectral band (or band combination) for the spatial characterization of a given geographical region. The analysis tests the influence of each of the reflectance bands of the 2009 MOD09GA Daily Surface Reflectance product and the first component of its Principal Component Analysis over an area of 32 000 km 2 , Catalonia (northeast of the Iberian Peninsula). Specifically, the combination of quality data and the variogram analysis allows the detection of different anomalies by the correspondence between the variability among the pixels and the fitted variogram parameters: nugget, sill and range. The variogram analysis is reaffirmed as an extremely useful approach for the automatic selection of high quality images while highlighting the need of high computational techniques for such huge processing. Finally, it reveals that is crucial to select the appropriate spectral band in order to, not only optimize, but substantially improve the automatic selection of remote sensing images using geostatistical analysis based on variogram tools.
INTRODUCTION
The increasing interest showed by the scientific community in the use of Earth Observation System (EOS) satellites, and specifically in MODIS (MODerate Resolution Imaging Spectroradiometer), mainly rises from the need of monitoring at high temporal resolution the dynamics of environmental and ecological issues at global scale to better understand global changes. In this framework, the free and timely quality bands provided with MODIS data constitute a large set of ancillary data essential for accurate and automatic processing, allowing to progress on the global monitoring that humankind is needing. Collecting daily data since 2000, MODIS Terra currently presents a long time series of daily images constituting a real Big Data example and, consequently, a substantial effort has to be made in order to produce a high quality subset of this data set. Being a passive sensor with 36 spectral bands, MODIS covers an important portion of the electromagnetic spectrum, from the visible to the thermal infrared radiation (0.45 µm to 14.385 µm) at medium spatial resolution (from 250 m to 1 km) 1 . Nevertheless, its configuration presents also some issues that disrupts the quality of the acquisitions. For instance, the remotely sensed signal is interfered by several atmospheric issues, and especially day and night time acquisitions are affected by uncontrollable cloud coverage or aerosols (pollution, dust, sea salt, …) complicating the measurements of land surface conditions. Also, its singular field of view of 110º achieves a wide viewing swath covering 2330 km (across track) by 10 km (along track at nadir) in one scan and causing a panoramic distortion and partially overlapping scans that produces data repetition 2, 3 . This error, known as bow tie effect, is additionally exacerbated by Earth curvature (bands having an spatial resolution of 250 m at nadir have 1207 m at the image edges, while 1 km resolution bands have 4816 m at the image edges 4 . Additionally, such data might also present some inaccuracies derived from the distinct levels of post-acquisition processing, such as detector noise or data faults 1 . Consequently, to obtain a high quality dataset is a necessary achievement before further analysis. Fortunately, many of these issues can be filtered using the MODIS ancillary data, but in front of such amount of data, the need of a method to automatically select high quality images (for instance, choosing those which do not present atmospheric noise or radiometric distortions), is needed.
In order to mitigate those effects, some methods have been explored in various studies. For example, 5 developed a bypixel filtering algorithm to produce relatively cloud-free single-day snow covered area (SCA) products from MODIS imagery using previous days data to estimate current SCA and 6 used a wavelet-based method to remove contaminated data from NDVI time-series, generating much better temporal data.
More recent attention has been focused on using a geostatistical approach. Exploring, describing and providing indicators of spatial variation in images are some of the main applications of geostatistics in remote sensing 7 . Indeed, geostatistics can provide parameters for describing spatial patterns 8 , measuring the spatial autocorrelation 9 and radiometric coregionalization 10 or can support downscaling techniques 11 and classification 12 . In
13
, a method based on a variogram analysis was presented. This method analyzed the spatial pattern of MODIS images using variogram tools in order to identify the ones having high quality. This first attempt was carried on using MODIS Band 03 (459 nm-479 nm, blue) as the one defining structural parameters of the variogram. Although the methodology of 13 was consolidated in 14 , the selection of the band with which the method must be developed may be deeply analyzed. Results obtained when using different bands or a combination of bands (e.g., orthogonal transformations) may be different given the nature of the method itself, which is based on the spatial variability of the spectral characteristics of the images.
The present work explores the influence of the spatial pattern of different MODIS spectral bands (bands 1, 2, 3, 4, 6 and 7) and the first principal component of the Principal Component Analysis (PCA1) 15 on the variability of the variogram, aiming at the identification of the most suitable spectral band, or transformation of bands, for spatially characterizing a given geographical region.
DATA

Test area
The method was tested in Catalonia, a 32 000 km 2 region located in the Northeast of the Iberian Peninsula, Southern East Europe, covered by MODIS tile h18v04 (Figure 1) . Topography of the area stands out for its wide altitudinal range, from 0 to more than 3000 m above sea level, configuring a heterogeneous landscape with several mountain ranges (the PreCoastal Mountain Range, the Coastal Mountain Range and the Pyrenees). Its interesting mosaicked land cover is composed of agriculture lands mixed with areas of natural and semi-natural vegetation, including coniferous, sclerophyllous and deciduous forests. These characteristics, together with its Mediterranean climate presenting a strong seasonality (snow cold winters with heavy rains and dry hot summers) makes Catalonia a perfect test area where to analyze the spatial pattern variability of the variogram. and Reflectance Band quality (QC), which inform about the quality of each pixel 1 . The Quality Assessment (QA) MODIS products are essential for discarding potential wrong pixel values and for applying a high quality image selection filtering. However, the quality of these data sets is reduced due to the presence of a few number of undetected poor quality pixels or artifacts corresponding to clouds and cloud shadows, atmospheric contamination, aerosols, technical problems of the acquisition or algorithm problems 16 .
A total of 364 images for all the bands of the MOD09GA daily surface reflectance from 2009 (except band 5 due to the stripe noise 17 and image from 16th November 2009 due to internal errors) were downloaded. The original sinusoidal projection was kept. Embedded QA-SDS were used for a meaningful processing of imagery 18, 19 and data was masked accordingly. Pixels presenting clouds (State QA band bit 0-1 described as "cloudy", "mixed" or "not set"), cloud shadows (State QA band bit 2 described as "yes"), cirrus (State QA band bits 8-9 described as "small", "average" or "high") and fire (State QA band bit 11 describes as "fire") were discarded. Pixels with a sensor zenith angle of 35° or greater were removed in order to delete pixels subject to heavy geometric distortion and lower spatial resolution 20 . Areas with high aerosol optical depth reduce the surface contrast and have a negative effect on surface reflectance 21 , so pixels classified with high aerosol categories (State QA band bit 6-7 described as "high", "average" or "climatology") were also excluded. Additionally, only pixels classified as "Corrected product at ideal quality" in the QC quality band (bit 0-1) were kept. For all images, sea regions were excluded.
On the other side, it may be also useful to reduce the number of variables without losing to much information, thus maintaining the informative power but decreasing the computation efforts. In this sense, an orthogonal transformation (Principal Component Analysis) of the original MODIS bands (bands 1, 2, 3, 4, 6 and 7) was performed in order to generate a new set of variables The first principal component, which has the largest possible variance was included in the analysis (PCA1).
All together, the final data set was formed by 7 subsets (one per each spectral band and the PCA1) compounded by 364 images (364 days in 2009).
METHODOLOGY
Geostatistical approach: variogram analysis
Following the image preprocessing flow in Figure 2 the geostatistical analysis was carried on. The method applied, the variogram analysis, was developed by 13 . The variogram plots the dependence of the spatial variance of a given variable (e.g., surface reflectance MODIS image) so that the spatial pattern can be analyzed 22 . The sampled variogram can be modeled and fitted by a continuous function to identify structural parameters, nugget, sill and range, which characterize the spatial pattern for any quantitative variable distribution. The nugget is the variance near the origin and represents the component of the non-spatially correlated error. The sill represents the variance at the variogram saturation and the range is the distance at which the variogram reaches saturation, and represents the limit distance of autocorrelation. Therefore, such parameters characterize the spatial pattern of the MODIS image. For instance, a homogeneous image presents higher range than a heterogeneous image. This heterogeneity could reflect the variability of the landscape or could be caused by the above-mentioned non-indicated problems, such as the undetected cloud and snow pixels. The variogram analysis will identify the latter case pixels (as an unusual increasing of variability in some regions) and such images will be filtered (Figure 2 ). This geostatistical approach was applied using the 7 subsets of MOD09GA spectral images corresponding to each of MODIS bands (Bands 1, 2, 3, 4, 6, 7 and PCA1) as the variables to be modeled (Figure 2 For each of these subsets, images were classified in three groups according the number of valid pixels (those filtered as highest quality according to MODIS QA-SDS and QC-SDS). Images were separated using a threshold of 80 % of valid pixels (group A), at least 55 % of valid pixels (group B) and less than 55 % of valid pixels (group C). The latest were directly eliminated from the analysis. The % of the threshold may vary depending on the study region and frequently cloud cover events (Figure 3 ). 
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Representative variogram (± 2 st.dev shadow) In the second step, images with more than 80 % of valid pixels (group A) were geostatistically analyzed and, as a result, a representative variogram for each subset was obtained. Such variogram is considered as exemplary of the spatial pattern distribution of the study area and is the key for subsequent automatic rejection of images that might present different types of problems and distortions.
Next, images in group B were also geostatistically analyzed and their variogram was compared with the representative one. The criterion to select an image of group B as of high quality was that the three variogram structural parameters (nugget, sill and range) must be within a range that is twice the standard deviation from the mean calculated from the representative variogram (Figure 4 ). The final selection per each band was validated using a previous report manually generated and quality controlled by an analyst and was treated as an independent manual classification.
The MiraMon GIS and Remote Sensing software 23 was the main software used in this work. The authors also developed specific auxiliary tools for adapting some automatic processes to this system that may be obtained upon request.
RESULTS AND DISCUSSION
Only 7 images out of 364 had more than 80% of valid pixels (group A) (MMDD: 0506; 0529; 0718; 0725; 0817; 0819; 1013) ( Table 1) . Group A was geostatistically analyzed and as a result a representative variogram for each subset was obtained ( Figure 5 ). As explained before, such variogram is considered as exemplary of the spatial pattern distribution of the study area and is used for the automatic selection. Table 1 also shows the variogram structure parameters for each band.
A set of 31 images out of the original 364 was classified in the second group (B) as images presenting at least 55 % of valid pixels. All 31 images were also classified as of high quality by the manual classification. For each band of these images, its variogram was compared with the corresponding representative one (like in Figure 4 ). A total of 28 images out of 31 fulfilled the above mentioned criterion when using the Band 01 subset. Following Band 01, Band 03 and Band 04 were the bands automatically selecting more high quality images, with 27 and 26 out of 31, respectively. In a second term, Band 06 and the PCA selected 24 and 23 images which fulfilled the criterions. Finally, Band 02 and Band 07 were the subsets selecting the lower number of high quality images using the automatic procedure designed (see Table 2 ).
Out of 31, only 13 images were selected as high quality using any of the bands, meaning that the parameters of their variograms fitted within a range that is twice the standard deviation from the mean calculated from the representative variogram (Table 2 ).
These results demonstrate that the spatial pattern characterized by each variogram is spectral dependent and landscape dependent, so it is different for each of the spectral bands. The most accurate automatic selection of high quality images was obtained when using the visible bands, i.e. Band 01, Band 03 and Band 04, Red, Blue and Green, respectively. On the contrary, the bands presenting less accuracy were Band 02 and Band 07, NIR and SWIR 2, respectively.
The results also indicated that the spatial pattern in this area was mostly influenced by vegetation, given that Band 02 and 07 are the most sensitive to changes of phenology and vegetation water content. In a Mediterranean area such as Catalonia, where climate is characterized by a strong seasonality and landscape is fragmented, patches of vegetation presenting significant different phenological stages directly increase the variability of the spatial pattern that is statistically reflected in the parameters of the variogram increasing the total sill and reducing the range. Indeed, Band 02 rejected spring and autumn images (i.e., March, May, November), when the emergence of leaves and flowering takes place. Instead, Band 07 rejected late spring and summer images (i.e., May, June, July, August) corresponding to most dry season, when vegetation has to adapt to water scarcity periods. PCA1 presented an intermediate accuracy. Such lower accuracy was affected by the phenological variability noise introduced by Band 02 and 07 during its computation. 
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CONCLUSIONS
The presented geostatistical procedure confirmed to be an excellent approach to automatically select high quality images using a variogram analysis. Additionally, this study confirmed that the spatial pattern characterized by the variogram is spectral band dependent. The highest accuracy of automatic selection is achieved using Band 01 (93.5%) or Band 03 (87.1%) corresponding to the visible spectrum bands, red and blue, respectively. On the contrary, the less appropriated bands are Band 02 (67.7%), Band 06 (77.4%) and Band 07 (67.7%), corresponding to the NIR and two SWIR regions of the electromagnetic spectrum, respectively. These bands are the most sensitive to phenology and vegetation water content, both variables presenting a strong seasonal variability that decreases the effectivity of the variogram analysis, which is based on spectral pattern variability. Therefore, these results confirmed that the band selected to use in this geostatistical approach must be chosen according the study area, especially in those regions with strong seasonal vegetation changes.
Further analysis in order to eliminate this seasonality component is required, for instance applying the analysis at threemonth time scale instead that at annual time-scale or performing the analysis using a PCA computed only with Band 01 and Band 03.
Finally, the approach demonstrated to be suitable for processing huge amounts of remote sensing data with a reduced human and computational effort, as for example, the one that MODIS Terra full archive offers.
